The role of self-mediated keratin filament cross-linking is addressed in transgenic mice. Results: A chimeric type II keratin, K8bc, partially rescues Krt5-null mice. Conclusion: Despite similar assembly properties, K8bc is functionally distinct from its natural counterpart K5 in skin tissue in vivo. Significance: Type II keratins possess unique properties beyond their potential for filament formation subject to cell typeintrinsic regulation.
The crucial role of structural support fulfilled by keratin intermediate filaments (IFs) in surface epithelia likely requires that they be organized into cross-linked networks. For IFs comprised of keratins 5 and 14 (K5 and K14), which occur in basal keratinocytes of the epidermis, formation of cross-linked bundles is, in part, self-driven through cis-acting determinants. Here, we targeted the expression of a bundling-competent KRT5/KRT8 chimeric cDNA (KRT8bc) or bundling-deficient wild type KRT8 as a control to the epidermal basal layer of Krt5-null mice to assess the functional importance of keratin IF selforganization in vivo. Such targeted expression of K8bc rescued Krt5-null mice with a 47% frequency, whereas K8 completely failed to do so. This outcome correlated with lower than expected levels of K8bc and especially K8 mRNA and protein in the epidermis of E18.5 replacement embryos. Ex vivo culture of embryonic skin keratinocytes confirmed the ability of K8bc to form IFs in the absence of K5. Additionally, electron microscopy analysis of E18.5 embryonic skin revealed that the striking defects observed in keratin IF bundling, cytoarchitecture, and mitochondria are partially restored by K8bc expression. As young adults, viable KRT8bc replacement mice develop alopecia and chronic skin lesions, indicating that the skin epithelia are not completely normal. These findings are consistent with a contribution of self-mediated organization of keratin IFs to structural support and cytoarchitecture in basal layer keratinocytes of the epidermis and underscore the importance of context-dependent regulation for keratin genes and proteins in vivo.
Intermediate filaments (IFs) 2 make an essential contribution to the maintenance of cell and tissue integrity in surface epithelia (e.g. skin and oral mucosa), muscle, and other tissues routinely subjected to stress. Loss or disruption of this function accounts for the cell and tissue fragility that underlies a large number of genetically determined diseases that are individually rare but debilitating (1) (2) (3) . Epidermolysis bullosa simplex, for instance, is a condition in which the basal cell layer of epidermis and related stratified epithelia ruptures in response to trivial frictional trauma and is associated with dominantly acting mutations in either keratin 5 or 14 (K5 or K14), the main keratin pairing that is expressed in this epithelial setting (4 -6) . Epidermolysis bullosa simplex is the first among more than 80 IFbased disorders (2) . There is as yet no effective treatment for epidermolysis bullosa simplex and other disorders rooted in defective IFs (7, 8) .
The role of keratin IFs toward the maintenance of cell and tissue integrity is a composite function of their unique micromechanical properties (9, 10) and integration within the cytoskeleton and cell adhesion apparatuses (11) (12) (13) . This function reflects many key attributes of keratin IFs including their intracellular abundance (14) , their organization as cross-linked networks (10, 15) , and their attachment at sites of cell-cell and cell-matrix adhesions (11, 12) and at the surface of the nucleus (16) . The molecular basis for IF anchorage at sites of integrinbased cell-matrix adhesions and cadherin-based cell-cell adhesions is quite well understood (17, 18) . By comparison, the basis for the cross-linked organization of IFs in vivo is poorly understood for most types of cells. In epidermal and hair keratinocytes, for instance, the filament bundling-promoting influence of filaggrin (19) and trichohyalin (20) is well established but restricted to late stages of terminal differentiation, whereas the influence of plectin, epiplakin, and related plakin family members (21) (22) (23) or interfilament disulfide bonding (24, 25) remains unclear.
Keratin IFs assembled from the type II K5 (590 residues; ϳ58 kDa in humans (26) ) and type I K14 (472 residues; ϳ50 kDa in humans (27) ) exhibit the remarkable property of self-organization into cross-linked networks both as purified entities in vitro (10, 28 -30) and when expressed in keratin-free fibroblasts (30) . This property of self-organization enhances the mechanical resilience of K5-K14 filament assemblies and depends on interactions involving the distal 25 amino acids of the K14 C-terminal domain, which is exposed at the filament surface, and two separate regions within K5, the so-called head-1A (70 residues) and L2-2B subdomains (129 residues) (30, 31) . The property of self-organization appears to be specific to natural keratin pairings (e.g. K5-K14 and K8-K18 (15)) but is transferable upon "chimeragenesis." For instance, K8 (483 residues; ϳ54 kDa in humans (32)), a type II keratin normally restricted to simple epithelial linings, readily co-polymerizes to yield 10-nm filaments when paired with K14, but this pairing does not show self-organization either in vitro or in transfected cells (30) . Transferring the head-1A and L2-2B subdomains from K5 into K8 confers the property of self-organization to the resulting chimera (designated K8bc) when artificially paired with K14 in vitro as well as in transfected fibroblasts (30) . Lee and Coulombe (30) predicted that the property of selforganization makes a significant contribution to the structural support role of K5-K14 in the basal layer of the epidermis. A corollary from this prediction is that targeted expression of the K8bc chimera, but not wild type K8, to basal layer keratinocytes should rescue the extensive skin blistering and perinatal lethality phenotype of mice carrying a null mutation at the Krt5 locus (33) . Here, we report on our effort to carry out such an experiment using Krt5-null mice.
EXPERIMENTAL PROCEDURES
Cells and Transgenic Mouse Lines-All protocols involving mice were approved by The Johns Hopkins University Animal Care and Use Committee (Baltimore, MD). Mouse lines were maintained under specific pathogen-free conditions and fed chow and water ad libitum. The plasmids pIRES2-GFP hK8bc and pIRES2-GFP hK8 (30) were digested with EcoRI and NheI (New England Biolabs), and the resulting cDNA inserts were treated with calf intestinal phosphatase (New England Biolabs), gel-purified using a QIAquick gel extraction kit (Qiagen), and subcloned into the BamHI site of the modified KRT14 expression vector (34) . Clones of the correct orientation were transiently transfected into cell line NIH-3T3 (ATCC CRL-1658) with GeneJuice transfection reagent (EMD Millipore) for preliminary observations. Plasmids were then linearized with KpnI and AseI (New England Biolabs), and the final linearized ϳ5-kb DNA fragment was used to generate transgenic mice by pronuclear injection. Genomic DNA was isolated from potential founders at approximately 6 weeks of age. Relative transgene copy number across lines was determined using PCR with the following primer sets: 5Ј-CCTGGTCATCATCCTGC-C-3Ј (rabbit ␤-globin gene intron), 5Ј-GGACTTCTGGGT-CACCCTGATGG-3Ј (KRT8), 5Ј-AGGTAGGTGGCCAGG-CGGTC-3Ј (Krt16 forward), and 5Ј-CCACACCCACAGAT-CTGGGC-3Ј (Krt16 reverse). Band intensity was measured using ImageJ and is reported relative to the Krt16 locus used as a stable internal reference. All subsequent progeny were genotyped using Accustart TM II mouse genotyping kit (Quanta Biosciences) according to the manufacturer's instructions using the primers 5Ј-TGCATATAAATTCTGGCTGGCG-3Ј (forward) and 5Ј-GCATGAACATGGTTAGCAGAGGG-3Ј (reverse), which are directed to the rabbit ␤-globin intron contained within the expression vector.
Krt5-null mice were described previously (33, 35) and were maintained in a mixed genetic background. These mice were genotyped using a multiplex PCR assay using the universal forward primer 5Ј-CCCACTAATCATTCACAGCTCG-3Ј, Krt5 reverse primer 5Ј-ACCAAAACCAAATCCACTGCCG-3Ј, and HPRT reverse primer 5Ј-CGAGTCTGAAGCTCTCGAT-TTCC-3Ј. Replacement mice were generated by breeding KRT8bc
Tg Statistical Analyses-All statistics were performed using GraphPad Prism software. One-or two-way analyses of variance were used to test for significance where appropriate, and adjusted p values are reported.
Protein Purification and Analysis of Transgene ExpressionPlasmids pET-K5 and pET-K8 (30) were transformed into the Escherichia coli strain BL21(DE3) to produce the corresponding recombinant proteins as inclusion bodies (30, 36) . These recombinant proteins were purified as described previously (10, 15) using HiTrap Q and Mono Q ion exchange chromatography columns (GE Healthcare). Protein concentrations were determined using a Bradford assay kit (Bio-Rad), and serial dilutions were performed to yield standards of known concentration for analyses outlined below.
For analysis of transgene expression in development stage 18.5 (E18.5) embryos, pregnant mice were sacrificed 18 days post-timed mating, and the skins of the embryos were harvested. Skins were chopped repeatedly with a razor blade, and urea-soluble proteins were then extracted as described previously (37) . High salt extractions were performed using E18.5 embryonic skin samples as described (38) . Protein concentrations were determined with a Bradford assay kit (Bio-Rad). To determine expression levels of endogenous K5 protein and of transgenic proteins, standards of known concentration were run alongside E18.5 samples. Otherwise, equal quantities of protein from genotypes of interest were resolved by 10% SDS-PAGE and transferred to nitrocellulose membranes. Membranes were blocked, and antibody incubations were performed in 5% milk in 1ϫ TBS-Tween 20. Protein epitopes were detected with the following antibodies: rabbit anti-K5 AF-138 (Covance), rabbit anti-K14 AF-64 (Covance), rabbit antiHsp70/Hsp72 ADI-SPA-812 (Enzo Life Sciences), chicken anti-K8 ab107115 (Abcam), rabbit anti-K17 (39) , and mouse anti-GAPDH antibody sc-365062 (Santa Cruz Biosciences). Secondary antibodies used were horseradish peroxidase-conjugated goat anti-rabbit, goat anti-chicken, and goat anti-mouse. Blots were developed using the SuperSignal West Pico Chemiluminescent substrate kit and were imaged with FluorChem Q MultiImage III (Alpha Innotech). Band signal intensity was measured from these images with the AlphaView Q software. The standard curve line of best fit equation and R 2 values were calculated using GraphPad Prism. Calculation of K5, K8bc, and K8 quantities was performed using the standard curve equations in Microsoft Excel. For analysis of transgenic protein expression in adult animals, wild type and transgenic animals were sacrificed at 6 weeks of age, and the back skins were harvested. The tissue was snap frozen, and urea-soluble proteins were extracted as described previously (37) . Equal quantities of urea-soluble protein were resolved by 10% SDS-PAGE and transferred onto nitrocellulose membranes. Blots were developed using the SuperSignal West Pico Chemiluminescent substrate kit and were imaged with FluorChem Q MultiImage III (Alpha Innotech). All images were inverted and cropped using ImageJ software.
Quantitative Real Time PCR-Total RNA from either 6-weekold adult animals or E18.5 embryos was isolated using TRIzol reagent according to the manufacturer's instructions. Complementary DNA was synthesized using an iScript TM cDNA synthesis kit (Bio-Rad) according to the manufacturer's instructions. Quantitative real time PCR was carried out using SYBR Green Real-Time PCR Master Mix from Invitrogen on a Bio-Rad C1000 TM thermocycler and CFX TM Real-Time System. Primers used were directed toward KRT8 (5Ј-CAAGGTGTCCACCTCT-GGC-3Ј and 5Ј-ATAGCCGCCGCCCAGGCCA-3Ј), Krt14 (5Ј-AGCGGCAAGAGTGAGATTTCT-3Ј and 5Ј-CCTCCAGGTT-ATTCTCCAGGG-3Ј), Actb (5Ј-GGCTGTATTCCCCTCCA TCG-3Ј and 5Ј-CCAGTTGGTAACAATGCCATGT-3Ј), and Gapdh (5Ј-AAATGGTGAAGGTCGGTGT-3Ј and 5Ј-ACTCC-ACGACATACTCAGCAC-3Ј). ⌬Cq and ⌬⌬Cq for each target were determined by first subtracting the averaged Cq values for Actb and Gapdh from the Cq of the target and then by subtracting the ⌬Cq of the wild type sample from each of the other samples when applicable. Relative RNA quantity was calculated by taking 2
Ϫ⌬Cq , and relative -fold change was calculated by taking 2
Ϫ⌬⌬Cq . Calculations were performed using Microsoft Excel.
Histopathology-Phenotypic adult KRT8bc replacement and control mice were harvested at various ages for morphological study. Prior to sacrifice, images of the mice were taken with a Samsung Digimax S500 digital camera. Tissues analyzed included hairy skin, hairless skin (if present), ulcerative skin, tongue, forepaws, and tail. Tissues were fixed overnight in Bouin's fixative (Bio-Rad), dehydrated, and processed for paraffin embedding by AML Laboratories. Sections were cut 5 m thick and stained with hematoxylin and eosin. Images were taken on a Zeiss AxioObserver inverted microscope with an AxioCam HRc camera. Images were cropped, and scale bars were added in ImageJ.
Immunofluorescence-For analysis of cultured keratinocytes, E18.5 embryos were again harvested, and the skins were removed. The keratinocytes were isolated using a modified version of the protocol reported by Reichelt and Haase (40) . After incubation with Dispase solution, keratinocytes were isolated as reported previously (41) . Keratinocytes were cultured on collagen I-coated coverslips in CnT-57 medium (CELLnTEC) supplemented with penicillin/streptomycin at 37°C and 5% CO 2 in the absence of 3T3-J2 feeder cells. Subconfluent coverslips were fixed with ice-cold methanol at Ϫ20°C or with 3.3% paraformaldehyde at room temperature for 10 min. Coverslips fixed with paraformaldehyde were extracted with 1% Triton X-100 in PBS buffer for 5 min at room temperature. Antibodies used to detect K5 and K14 were described above. K8 was detected with chicken anti-human K8 antibody ab14053 (Abcam). Secondary antibodies used were goat anti-chicken Alexa Fluor 488 and goat anti-rabbit Alexa Fluor 594, and nuclei were stained with Hoechst fluorescent dye. Images were taken on a Zeiss AxioObserver inverted microscope with an AxioCam MRm camera.
For analysis of adult transgenic back skin, animals were harvested as described above and a portion of the back skin was embedded in Tissue-Tek O.C.T. medium (Sakura) and frozen in liquid nitrogen. 5-m-thick frozen sections were cut and washed once with PBS buffer before probing with the antibodies described above. Images were taken on a Zeiss AxioObserver inverted microscope with an AxioCam MRm camera. All images were cropped, and scale bars were added using ImageJ.
Electron Microscopy-Skins from 6-week-old adult animals or E18.5 embryos were harvested and immersed in 2% paraformaldehyde, 2% glutaraldehyde for 48 h. After primary fixation, tissue samples were postfixed in 1% osmium tetroxide in 0.1 M cacodylate buffer for 1 h on ice. Tissue samples were then rinsed and en bloc stained with 2% aqueous uranyl acetate for 1 h at room temperature. Samples were then dehydrated in a graded series of ethanol (50, 70, 95 , and 100%). Tissue was cleared in propylene oxide and then infiltrated in a graded series of Epon 812/propylene oxide (50:50 and 70:30) for 1 h and overnight, respectively, followed by two changes of pure Epon 812 and then polymerized for 48 h at 60°C. Semithin sections (1 m) were cut using glass knives on a Sorvall MT2B ultramicrotome. Sections were mounted on glass slides and stained with 1% toluidine blue in 1% sodium borate and coverslipped with Permount. Areas of interest were selected, and thin sections (60 -80 nm) were cut using a diamond knife. The sections were mounted on Formvar-carbon-coated 150 mesh copper grids and poststained with 2% aqueous uranyl acetate and Reynold's lead citrate (42) . Sections were analyzed using a Hitachi HU12A electron microscope. Eastman Kodak Co. electron microscope film 4489 was developed, and negatives were scanned using an Epson Perfection V500 photo scanner. Images were cropped, and scale bars were added in ImageJ. For cell and nuclear aspect ratio analysis, lines were drawn from the basement membrane to the top of the cells (height) and from side to side (width) at the greatest distance for each cell measured using ImageJ. The lines were measured, and the height was divided by the width. Basal cell desmosomes, hemidesmosomes, and mitochondria were assessed individually from 5000ϫ images.
RESULTS

KRT8 and KRT8bc Transgenes Are Expressed in Trans-
genic Mouse Epidermis-The cDNAs encoding wild type human K8 (15) and the K8bc chimera (30) were subcloned into the KRT14 gene promoter-based expression vector (34) as described (37) . Transfection of the final DNA constructs (Fig. 1A) into NIH-3T3 cells along with wild type KRT14 gave rise to keratin IFs (data not shown), confirming that K8 and K8bc can each co-polymerize with K14 as reported (30) .
The two constructs were isolated and used to generate transgenic founders by pronuclear injection. Transgene-positive founders were then bred to establish transgenic mouse lines. For each construct, the two lines showing the highest transgene copy number in a single insertion site (based on internally controlled PCR and frequency of F1 transgenic offspring; see Fig. 1B and data not shown) were retained for further analysis.
The resulting progeny from these transgenic lines, designated KRT8bc line 1 (KRT8bc-1), KRT8bc line 7 (KRT8bc-7), KRT8 line 1 (KRT8-1), and KRT8 line 3 (KRT8-3), did not exhibit any visible phenotype. Back skin tissue was harvested from age-and sex-matched animals from these lines for analysis of transgene expression. Of these four lines, two expressed transgene mRNA at appreciable levels by quantitative RT-PCR: lines KRT8bc-1 and KRT8-1 (Fig. 1C) . Expression of Krt14 mRNA was unaffected relative to wild type (Fig. 1D) . Western blot analyses assessing protein expression revealed similar results with appreciable and comparable levels of transgenic protein detectable for lines KRT8bc-1 and KRT8-1 only (Fig.  1E) . Analysis of frozen sections of mouse back skin by immunofluorescence confirmed that K8-specific epitopes occurred in the basal layer of the epidermis as expected (Fig. 1F) . The KRT8bc-1 and KRT8-1 lines were selected to test whether FIGURE 1. Generation and characterization of transgenes. A, schematic depiction of the transgenes used in this study. The human KRT14 gene promoter was used to drive the tissue-specific expression of keratin cDNAs (KRT8 and KRT8bc), and the rabbit ␤-globin intron (r␤g Int) and human KRT14 3Ј-UTR sequence (Poly(A)) serve to stabilize the transgene mRNA in mouse cells. B, relative transgene copy number analysis was performed by conventional PCR of genomic DNA with transgene-specific primers. Krt16 was used as a single copy number reference gene. # indicates the highest relative copy number line for each transgene. C and D, quantitative RT-PCR analysis of transgenic human KRT8 mRNA (C) and endogenous mouse Krt14 mRNA (D) in back skin harvested from sex-matched 6-week-old animals. Relative RNA amount is normalized to both actin and Gapdh. CTRL indicates Krt5 ϩ/ϩ skin. Error bars represent S.E. A one-way analysis of variance (Dunnett's test) was used to test for significance, and the adjusted p values are reported. n.s., not significant; *, p Ͻ 0.04; **, p Ͻ 0.002. E, analysis of total skin protein extracts (10 g/lane) by Western blotting in 6-week-old sex-matched adult animals. Two mice were analyzed for each of four transgenic lines; CTRL indicates Krt5 ϩ/ϩ skin. F, analysis of transgene expression in frozen skin sections of 6-week-old sex-matched adult animals. K8 epitopes are only present in basal layer keratinocytes (see brackets) of KRT8bc-1 and KRT8-1 transgenic epidermis and co-localizes with endogenous K14 in a normal keratin filament network. Control indicates Krt5 ϩ/ϩ skin. Arrows depict the interface between the epidermis (Epi) and dermis. Expression of K8bc and K8 Replacement Proteins and mRNAs in the Skin of E18.5 Krt5-null Mice-Next, the amount of K8bc and K8 transgenic proteins in the skin of KRT8bc and KRT8 replacement mice were assessed, relating them to the levels of K5 protein in control mice. This analysis was conducted in E18.5 embryos just prior to birth to enable a direct comparison between the two types of rescue proteins and to avoid complications stemming from the extensive skin blistering seen in Krt5-null and KRT8 replacement mice. Purified recombinant proteins were used to generate standard curves for K5 and K8 epitopes (see "Experimental Procedures"), enabling the determination of transgenic protein amount in these lines (Fig. 2, A and B, and data not shown). Using this strategy, we found that endogenous K5 is expressed at 96.6 ng/10 g of total skin proteins in control E18.5 embryos (n ϭ 3; Fig. 2C ). KRT8bc replacement embryos were found to express 47.9 ng of K8bc protein/10 g of total protein extract (n ϭ 3), corresponding to ϳ50% of the concentration of endogenous K5 in control embryos (Fig. 2C) . The KRT8 replacement embryos were determined to express 19.7 ng of K8 protein/10 g of total protein extract (n ϭ 3), accounting for ϳ20% of endogenous K5 levels (Fig. 2C) . The difference between K8bc and K8 expression was also observed at the mRNA level in E18.5 mouse embryos (Fig.  2D) . No difference in the partitioning of K8bc and K5 proteins was observed during fractionation by high salt extraction (Fig.  2I) , conveying that K8bc behaves like a bona fide keratin even in the presence of endogenous K5. We infer that the "half-normal" levels of K8bc protein may explain, in part, the partial rescue observed in KRT8bc replacement mice (47% frequency), whereas the even lower levels of K8 protein may have played a role in the failure to obtain successful rescues in KRT8 replacement mice (see "Discussion").
There is substantive evidence indicating interdependence in the steady-state levels of type I and type II keratin proteins in epithelial cells (43, 44) . Accordingly, the levels of K5 protein are reduced in newborn Krt14 Ϫ/Ϫ mouse skin (45) , whereas the levels of K14 protein are reduced in newborn Krt5 Ϫ/Ϫ mouse skin (33) . In the Krt5-null case, in particular, the levels of Krt14 mRNA are also substantially reduced (33) , hinting at the complexity of mechanisms regulating the balance between type I and type II keratins in epidermal keratinocytes in vivo. Levels of K14 protein provide a surrogate marker for the "effective dosage" of type II keratin expression in the skin of E18.5 embryos. At the protein level, very weak K14 expression occurred in Krt5-null embryos as well as in KRT8 replacement embryos (Fig. 2, F and G) , respectively emulating the complete absence of type II keratins and the low levels of K8 rescue protein observed in these settings. By comparison and as expected, expression of K14 protein was stimulated ϳ2.7-fold in KRT8bc replacement embryos over Krt5-null levels (Fig. 2H) , consistent with the phenotypic rescue of viable KRT8bc replacement mice (Table 1) . Interestingly, the wound-inducible type I keratin K17 followed a similar pattern as K14, further substantiating the status of the type II rescue protein (Fig. 2, F and G) . By contrast, the steady state levels of K1, a marker of terminal differentiation, and of Hsp70 (46), a heat shock protein known to interact with keratins, were very similar across genotypes (Fig. 2, F  and G) .
Examination of Krt14 mRNA levels in E18.5 embryos of relevant genotypes provided additional insight. Similar levels of Krt14 mRNAs occurred in KRT8 and KRT8bc transgenic skin (with a normal Krt5 locus), and these levels were slightly elevated relative to that seen in control embryos (albeit in a nonstatistically significant fashion; Fig. 2E ). Krt14 mRNA levels were increased nearly 2-fold in the setting of KRT8bc replacement embryos, exhibiting a striking and statistically significant increase compared with KRT8 replacement E18.5 embryos (Fig.  2E) . These data clearly point to a mechanism(s) by which basal keratinocytes are able to sense the anomaly stemming from ectopically expressing other type II keratins and to sense the replacement E18.5 embryos were processed for skin keratinocyte isolation, primary culture, and analysis via indirect immunofluorescence. In control cultures, K5 and K14 were co-localized (data not shown) and formed a classic pan-cytoplasmic array (Fig. 3, A and AЉ) , whereas K8 was typically absent (Fig. 3AЈ) except in rare cells that may correspond to Merkel cells (data not shown), which express K8 naturally (47) . In Krt5-null keratinocyte cultures, no signal was detected for K5 and K8 antigens as expected, whereas the signal for K14 was weak (Fig.  3, B-BЉ) . In KRT8bc replacement cultures, there was no signal for K5 (as expected), and K8bc and K14 were consistently colocalized in the context of normal looking arrays of keratin IFs (Fig. 3, CЈ and CЉ, and data not shown). Images of control and KRT8bc replacement keratinocytes taken under identical exposure conditions did not exhibit reduced levels of K14 protein in contrast to the Western blot data presented in Fig. 2E . This may be due in part to the induced expression of other keratins in the context of primary culture of keratinocytes (48, 49) . These findings obtained in mouse skin keratinocytes significantly extend our previous work demonstrating that K8bc is competent for 10-nm filament assembly and IF network formation when paired with type I K14 (30) .
To further examine the innate features of basal keratinocytes including their keratin IF network, we processed E18.5 skin for routine transmission electron microscopy. At this late embryonic stage, the epidermis is mature, and adult-like barrier properties have been acquired (50) . In this setting, basal keratinocytes were columnar in shape with an ovoid nucleus oriented along the long axis of the cell (Fig. 4, A-C) . Hemidesmosomes and desmosomes were numerous and regularly spaced at the basal pole of basal keratinocytes and at sites of cell-cell contact, respectively, and exhibited association with electron-dense filamentous structures, indicating attachment to keratin IFs (Fig.  4, B and C) . In addition, long bundles of keratin IFs oriented along the long axis of the cell could be seen on each side of the nucleus, and mitochondria appeared healthy (Fig. 4, B  and C) . In areas of Krt5-null embryonic skin for which the epidermis is intact, the thickness, stratification, and differentiated layers of the epidermis appeared normal (Fig. 4D) . KRT8bc-1; A) and KRT8 line 1 (KRT8-1; B) using standard curves of purified recombinant human K8. The line of best fit and R 2 values were calculated using GraphPad Prism. C, summary of the transgenic protein quantification from multiple biological (n) and technical replicates. D, transgene RNA expression levels for lines KRT8bc-1 and KRT8-1 in E18.5 skin. E, endogenous Krt14 RNA expression levels for lines KRT8bc-1 and KRT8-1 in E18.5 skin. RNA levels are illustrated relative to actin and Gapdh. Error bars represent S.E. A two-way analysis of variance (Sidak's test) was used to test for significance, and the adjusted p values are reported. n.s., not significant; *, p Ͻ 0.005; **, p Ͻ 0.0001. F and G, expression of transgenic and endogenous proteins for lines KRT8bc-1 (F) and KRT8-1 (G) in E18.5 skin is shown by Western blot analysis. H, intensity of K14 protein signal relative to loading control signal was quantified, and the increase of K14 in the replacement mouse skin setting is illustrated. I, Western blot analysis of high salt extraction performed on KRT8bc-1 E18.5 skin. Even in the presence of endogenous K5 as a competitor, transgenic K8bc was still found in the insoluble pool. HSB, high salt buffer. That said, basal keratinocytes appeared flattened, and their nucleus was oriented parallel, rather than perpendicular, to the surface (Fig. 4, D-F, and Table 2 ). Although desmosomes and hemidesmosomes persist, they did not appear to associate with electron-dense filaments; in fact, no keratin IF bundles could be detected anywhere in the cytoplasm of basal cells (Fig. 4, E and F) . Virtually all mitochondria appeared severely damaged in basal cells as seen through their swelling, loss of cristae, and loss of matrix as reflected by its electron-lucent appearance (Fig. 4 , E and F, and Table 2 ). These alterations did not result from a fixation artifact as mitochondria with normal size and ultrastructure could be found in proximal dermal fibroblasts and in the upper layers of the epidermis (data not shown). Furthermore, the ultrastructural features of nuclei and cytoplasm clearly conveyed that basal keratinocytes are not undergoing apoptosis in intact skin of Krt5-null E18.5 embryos (51) . In addition to engendering acute tissue fragility, the genetic loss of Krt5 thus lead to several major cytoarchitectural defects in the epidermis (see Table 2 ) that were largely confined to basal layer keratinocytes.
Several of these ultrastructural attributes were partially restored in basal keratinocytes of KRT8bc replacement E18.5 skin, correlating with a more mechanically sound tissue during harvesting and preparation (data not shown). Basal keratinocytes were cuboidal in shape, and their nuclei were consistently oriented perpendicular to the main axis of epidermis (Fig. 4 , G-I, and Table 2 ). Interestingly, their nuclei still exhibited an aberrant contour rather than the round or ovoid shape observed in control and Krt5-null epidermis. The mitochondrial defects observed in Krt5-null embryonic skin were also partially restored in the KRT8bc replacement skin (Table 2) . Ultrastructural features including an electron-dense matrix and intact cristae occurred in nearly half of observed mitochondria (Fig. 4, H and I, and Table 2 ). Desmosomes and hemidesmosomes appeared normal and were more likely to exhibit association with filament networks (Fig. 4, H and I) . Finally, electron-dense bundles of keratin IFs along the cellular periphery and in the general cytoplasm were observed (Fig. 4I) . These bundles were smaller, however, and occurred less frequently in KRT8bc replacement mice relative to control epidermis ( Table 2) . These ultrastructural attributes and their frequency are summarized in Table 2 .
Adult KRT8bc Replacement Animals Exhibit Several Skin Abnormalities-KRT8bc replacement mice that survived to adulthood were indistinguishable from their littermates for the first several weeks after birth. Skin tissue was harvested from a successful KRT8bc replacement adult and a control littermate and processed for transmission electron microscopy to examine the epidermis in greater detail. Analysis of these samples revealed a striking similarity between control and KRT8bc replacement epidermis. The shape and orientation of basal keratinocytes and the orientation of their nuclei appeared similar in both samples (Fig. 5) . Keratin filament bundles were visible in the cytoplasm and near the nucleus and were observed to be associated with hemidesmosomes and desmosomes in both samples (Fig. 5) . Most notably, the mitochondria appeared healthy in KRT8bc replacement epidermis, comparable with control epidermis (Fig. 5, B and D) . The most striking difference between the control and rescued skin was the persistence of the aberrant contour of the nuclei (Fig. 5, C and F) .
All mice having at least one functional Krt5 allele did not display any skin anomaly at any time regardless of their rescue transgene status. By comparison, adult KRT8bc replacement mice progressively developed various skin anomalies. For instance, most rescued mice developed alopecia starting as early as 6 weeks of age. Hair loss occurred consistently on the nape and often progressed into larger hairless regions along the back, flanks, and occasionally on the face and other body areas (Fig. 6A) . Additionally, all KRT8bc replacement animals developed severe ulcerative dermatitis on the ears and nape (Fig. 6D) . These areas of ulcerative dermatitis did not respond to topical antibiotic ointment and invariably progressed to become chronic lesions.
To further assess this phenomenon, routine histology was performed on normal looking, hairy skin and on regions of affected skin. Hairy skin from KRT8bc replacement mice was comparable with wild type skin (data not shown) with a normal epidermis and telogen stage hair follicles (Fig. 6, B and E) . Relative to (normal) hairy skin, hairless skin patches in replacement animals showed thickened epidermis and enlarged sebaceous glands (Fig. 6C) . Furthermore, hair follicles were aberrantly shaped and oriented and frequently appeared to be at the anagen stage of their cycle (Fig. 6C) . In regions of lesional skin, the epidermis was markedly hyperplastic, and the dermis was heavily inflamed (Fig. 6F) . As with hairless skin, lesional skin contained hair follicles in anagen stage (when present) that were often improperly oriented. Many follicles were without a visible hair shaft and featured enlarged sebaceous glands (Fig.  6F ). In addition, lesional skin contained numerous large cysts of pilosebaceous origin (data not shown).
DISCUSSION
In this study, we set out to test the functional importance of the property of K5/K14 filament self-organization into crosslinked networks by targeting the expression of K8bc or wild type K8 to the epidermis of Krt5-null mice. K8bc is a chimera that is polymerization-and self-organization-competent when paired with K14, whereas K8 readily co-polymerizes with K14 but is unable to form cross-linked networks (30) . We found that the KRT14 promoter-driven expression of K8bc rescued Krt5-null mice from massive perinatal blistering and death with a 47% frequency, whereas expression of K8 was unable to afford any rescue in this setting. Although the rescued KRT8bc replacement mice reached adulthood and were reproductively competent, most eventually developed alopecia, and all developed skin erosions; also, their basal keratinocytes exhibited persisting ultrastructural anomalies (see Table 2 ). These findings imply that, even when expressed at approximately half the levels of endogenous K5 in control skin, the K8bc chimeric protein cannot fully support the function(s) of K5 in mouse epidermis in vivo. Furthermore, the occurrence of rescue from overt cell and tissue fragility in neonatal and adult skin could be correlated with the presence of keratin IF bundles in basal keratinocytes, consistent with (but not proving) the hypothesis put forth in Lee and Coulombe (30) .
In the first approximation, the significance of our protein replacement findings and of the differences observed between K8bc and K8, is mitigated by the relatively low and uneven levels at which they were each expressed in Krt5-null mouse epidermis. Partial or lack of rescue cannot be explained by mosaicism either in genotype or expression pattern ( Fig. 1 and  data not shown) . Recent studies suggest that much less than 50% of the normal (control) complement of K5/K14 proteins suffices to rescue key phenotypic traits in keratin-free keratinocytes in culture (13, 52, 53) . Our data also suggest that the steady state levels of rescue transgene mRNA differ depending on genotype (e.g. in transgenic mice versus replacement mice) and the rescue construct being expressed (e.g. K8 versus K8bc), extending a previous observation of striking context-dependent post-transcriptional regulation for ectopic keratin mRNAs in basal keratinocytes (54). Although we cannot formally compare the effectiveness of K8 and K8bc proteins in replacing K5 in basal epidermal keratinocytes, it is quite remarkable that subnormal levels of K8bc (Fig. 2C ) alongside a partial rescue of endogenous K14 protein levels (Fig. 2F ) were sufficient to effectively rescue skin blistering and death in nearly 50% of KRT8bc replacement newborns. Given that ϳ30% of its sequence originates from K5, the K8bc protein is hardly a normal keratin protein and in many ways is more aberrant than many of the KRT5 missense alleles known to cause epidermolysis bullosa simplex (8) . This element certainly accentuates the significance of the 47% rescue frequency seen in the KRT8bc replacement animals. Otherwise, the outcome of our study conveys that the property of 10-nm filament formation in vitro and in vivo does not suffice to dictate a normal fate and/or function for an IF protein in basal keratinocytes of the epidermis, thereby significantly extending previous rescue efforts of a similar nature (54, 56) .
Additionally, our KRT8 transgenic mice did not feature a visible phenotype, whereas Casanova et al. (57) observed severe skin anomalies in transgenic mice that ectopically express wild type K8 in the epidermis. This difference in phenotypic outcome is likely related to differences in K8 expression levels between these two studies. Our findings with KRT8 transgenic mice are in fact similar to those reported by Kirfel et al. (56) , who showed that ectopic desmin was able to form 10-nm filaments in basal keratinocytes but could not rescue the Krt5-null mice to any extent, correlating with low transgene expression. For both Kirfel et al. (56) and the current study, the data in hand preclude a formal assignment of the failure to rescue to the low prevailing levels of rescue protein expression achieved versus abnormal protein properties in an ectopic setting. Future studies of this type should exploit a knock-in rather than a transgenic strategy when comparing the properties of allelic variants in vivo.
Our ultrastructural study of embryonic Krt5-null skin as well as adult KRT8bc replacement mice revealed novel and potentially important anomalies associated with K5 protein deficiency in mouse epidermis. Our findings corroborate the previous description of a complete lack of detectable keratin IFs in the cytoplasm of basal keratinocytes and of largely normal appearing suprabasal keratinocytes (33) . Beyond these findings, we also observed major cytoarchitectural defects, e.g. aberrancies in cell shape and orientation, the shape and orientation of the nucleus in basal keratinocytes, and major mitochondrial defects. At least in part, the differences between our study and that of Peters et al. (33) may be rooted in the use of different protocols when preparing samples for analysis by transmission electron microscopy. The marked alterations observed in the shape of basal keratinocytes in Krt5-null skin may alter their physical relationship with other key cell types in the epidermis, e.g. melanocytes and Langerhans cells. Such defects, if they exist, may contribute to the aberrations observed in skin pigmentation (58) and Langerhans cell density (59) in mouse models and/or individuals with genetic alterations at the Krt5 locus. The newly described cytoarchitectural alterations may be related to the findings of Lee et al. (24) , who proposed that perinuclear K5/K14 filaments impart an oxidation state-dependent influence upon the size and shape of the nucleus in newborn epidermis. On another front, the observation of a difference in the number of desmosomal and hemidesmosomal plaques in Krt5-null basal keratinocytes (which are devoid of keratin IFs) is not surprising in light of similar findings obtained when analyzing type II keratin-free keratinocytes (13) and considering the roles recently assigned to keratins in the localization and maintenance of desmosomes (52, 60) .
The mitochondrial defects observed in late stage embryonic Krt5-null mice are particularly interesting. The shape and positioning of mitochondria within cells have been shown to be influenced by keratin IFs in a number of contexts. Similar mitochondrial defects have been reported in Krt14-null mouse neonates (45), although they were shown to be associated with cytolysis and therefore may have been a consequence of overt, postlysis cellular distress. Similar mitochondrial defects were also observed in the myocardium of mice lacking desmin, a type III IF protein found predominantly in muscle (61) . Also, we previously reported on the occurrence of intriguing electrondense inclusions in the mitochondrial matrix of epidermal keratinocytes in KRT16-overexpressing transgenic mice (62) and Krt16-null mice (63) . Additionally, smaller mitochondrial size was reported in livers of Krt8-null mice and in mice carrying the KRT18 R89C mutation (64, 65), whereas Stone et al. (55) described an increased mitochondrial size in the skeletal muscle of Krt19-null mice. The significance of the involvement of K5 in mitochondrial physiology and the associated mechanism(s) are worth investigating.
